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Abstract

Concrete remains the most widely used construction material owing to its affordability,
local availability, mechanical performance, durability, and versatility. However, its pro-
duction has a significant environmental impact, and its service life may be reduced under
aggressive exposure conditions, affecting both the functionality and cost of structures. This
study presents a sustainability assessment based on a harmonized database of previously
developed concrete mixtures, rather than a new experimental campaign. Waste-containing
mixtures and their corresponding conventional or reference controls were considered to an-
chor the comparison to reference concretes, rather than only to the minimum values within
the analyzed dataset. The objective was to compare the consistency among sustainability
index formulations: Kgp and Kgp ¢, associated with the Building Material Sustainability
Potential (BMSP), and the Empathetic Added Sustainability Index (EASI). These formu-
lations integrate functional and environmental performance, although they differ in their
aggregation approach and in the treatment of economic variables, such as cost and eco-
cost. The indicators considered include 28-day compressive strength, carbonation rate,
global warming potential (GWP), gross energy requirement (GER), natural raw material
consumption (NRMC), eco-cost, and material cost. The results show that mixtures with
higher replacement levels of natural aggregates by recycled concrete aggregate and partial
replacement of cement by locally sourced ashes exhibited the best integrated performance.
The 300/100RCAg mixture stood out, with index values close to 3.43, 3.52, and 3.99, up to
approximately four times those of the control. Sensitivity and uncertainty analyses showed

W) Check for updates that the highest-ranked mixtures generally maintained favorable positions across assess-

Academic Editor: Sha Liang ment methods and under +20% input variability, although some alternatives exhibited
Received: 28 May 2026 substantial method-dependent ranking changes. The results demonstrate that local waste
Revised: 10 July 2026 materials can improve concrete sustainability; however, their benefits depend on waste
Accepted: 12 July 2026 type, conditioning requirements, functional performance, and the selected sustainability
Published: 14 July 2026 assessment method.

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland. Keywords: green concrete; sustainability assessment; durability; life cycle assessment;

This article is an open access article recycle d aggrega tes
distributed under the terms and

conditions of the Creative Commons
Attribution (CC BY) license.

Recycling 2026, 11, 125 https:/ /doi.org/10.3390/recycling11070125


https://crossmark.crossref.org/dialog?doi=10.3390/recycling11070125&domain=pdf&date_stamp=2026-07-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/recycling
https://www.mdpi.com
https://orcid.org/0000-0001-8828-3380
https://orcid.org/0000-0002-8502-4313
https://orcid.org/0000-0002-6114-4900
https://orcid.org/0000-0002-4582-9387
https://orcid.org/0000-0002-4105-5281
https://orcid.org/0000-0002-3301-4949
https://doi.org/10.3390/recycling11070125

Recycling 2026, 11, 125

20f21

1. Introduction

Concrete is the most widely used man-made material worldwide due to its great im-
pact on construction because most structures designed to meet the demands of a constantly
growing population (housing, transportation, energy, protection, among others) are made
from it due to its availability, mechanical resistance, durability, versatility, fire resistance,
among others [1-3]. According to the Global Cement and Concrete Association, the produc-
tion of concrete worldwide in 2020 was 14 billion m3, 40% of which was for the residential
market, while the production of cement, the main component of concrete, was 4.2 billion
tons. The market value of both is $440 billion [4]. Although concrete offers many benefits,
it has a negative impact on the environment because cement production is responsible
for 8% of global CO; emissions and consumes 14% of the industry’s energy. Concrete
production also requires the extraction of large amounts of raw materials and generates
high emissions of suspended particles. Moreover, its sustainability is compromised by
its lack of durability in aggressive exposure atmospheres, such as those in coastal and/or
industrialized areas [2,5-7].

For this reason, academia and industry are constantly looking for alternatives that
are more sustainable, such as green concrete, which is concrete in which at least one of its
components is partially or completely replaced by another with a lower environmental
impact, which is usually waste [8]. It can also refer to those specific types whose production
does not lead to environmental destruction, and that have high performance and life
cycle sustainability [9].

Green concretes can come in various forms, such as concretes with additions and sub-
stitutions of ash and other waste, ultra-high-performance concretes, geopolymer concrete,
lightweight concrete, nano concretes, among others [10]. On the one hand, there are works
that incorporate ash, slag, fibers and supplementary cementitious materials (SCMs) as
replacements for cementitious materials to improve the mechanical, environmental and
durability performance of concrete, the most common additions being: fly ash (FA), sugar-
cane bagasse ash (SCBA), ground granulated blast furnace slag (GGBFS), alkaline activated
slag (AAS), micro silica and silica fume (SF) [11-22]. On the other hand, researchers have
reported incorporating waste, mainly construction and demolition waste (C&DW)), tires,
polyethylene terephthalate (PET), ground glass, and slag, to avoid unnecessary extraction
from quarries by replacing natural aggregates in concrete and, thus, reducing costs and
environmental impacts [18,23-32].

Although sustainability is the integration of the social, economic, and environmen-
tal pillars, in the case of materials, a fourth pillar is usually added, that of functionality,
which represents the technical requirements or features [33]. Although green concretes have
emerged as alternatives in the search for sustainability, they are not necessarily more sustain-
able than conventional concrete, since the conditioning and transport of incorporated waste
could have a great impact, so it is important to determine their sustainability levels [28]. In
response to this, several proposals have emerged to determine the level of sustainability of
these. Some researchers propose indices that evaluate some of the pillars of sustainabil-
ity [30,34-36]. Others determine global indices that include processes of normalization,
weighting, and aggregation of indicators from various pillars [14,15,18,19,21,29,37-39];
some even make use of multicriteria decision analysis (MCDA) [40,41]. For example, Gettu
et al. [35] proposed two indices: the apathy index, which relates CO, emissions to the
service life of the structure; and the energy intensity index related to the energy consumed
and the mechanical strength of the concrete. Similarly, Vaclavik et al. [30] developed the
SUlLclimate changes SUIresources, and SUl a1 sustainability indices, which relate environmen-
tal parameters (climate change, damage to human health and the ecosystem, resource
extraction and percentage of natural aggregates used) and technical concrete parameters
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(compressive and freezing resistance). Hossain et al. [36] developed a model to determine
social sustainability based on a social life cycle assessment (S-LCA), taking indicators such
as producer responsibility, human resource management, community development, so-
cial development, corporate social responsibility and environmental responsibility, which
involve all actors in the value chain. The global index known as the Building Material Sus-
tainability Potential (BMSP) proposed by Mueller et al. [39] relates mechanical performance
and durability to environmental impact through one indicator of each type; it uses param-
eters such as compressive strength, carbonation rate, resistance to freezing and thawing,
chloride diffusion coefficient and global warming potential (GWP) that are normalized
for calculation; and in some cases the cost and eco-cost are also included [14,15,18,20,42].
Coppola et al. [37] developed the empathic added sustainability index (EASI), which,
unlike the BMSP, can include more than one environmental performance and durability
indicator, depending on the function of the concrete, in addition to three environmental
indicators being included in its determination. Coffetti et al. [29] made a modification to the
EASI index so that it is applicable to materials that have a negative carbon footprint, such
as carbon-sequestering aggregates. Based on multicriteria decision analysis, Shinkhede
et al. [41] proposed the sustainability score (SS) for concrete, which integrates technical
criteria (rapid chloride penetration, sorptivity, and density), economic criteria (product
cost), environmental criteria (use of resources and pollution) and social criteria (compati-
bility and comfort), while Opon et al. [40] addressed the uncertainties associated with the
method. Sirico et al. and Soltanzadeh et al. [19,21] proposed eco-mechanical indices, based
on the integration of the ecological and mechanical indices, in which each one includes
several parameters, such as compressive strength, tension, bending, fracture energy, GWP,
acidification, ecotoxicity, resource depletion, water scarcity, among others. Although there
are many proposals for sustainability indices, it has been identified that the following
are necessary:

o To extend the environmental assessment to a life cycle assessment (LCA) from cradle
to grave, or even from cradle to cradle;

To include social indicators directly;

To have general reference values for parameters;

To establish relationships between methods and/or aggregation approaches, among others;

To include uncertainty and sensitivity analyses.

As can be seen, there are several methods to determine the sustainability of green
concretes, but there is a lot of variability in terms of the parameters used and how they are
integrated, so the ranking of the mixtures determined using a certain index could be very
different if it is calculated with another. This study contributes to the field of recycling and
waste valorization by evaluating 28 concrete mixtures incorporating regionally abundant
waste materials, including plastic waste, glass waste, recycled concrete aggregates, and
industrial ashes. Through the application and comparison of two sustainability index
calculation methods, this research assesses the potential of these wastes as partial sub-
stitutes for cementitious materials and/or virgin aggregates, as well as the consistency
of the rankings obtained using different methods and with input parameter variations
of £20%. In a region where the sustainability of concrete mixtures containing recycled
materials is not usually determined, this study aims to provide evidence to support the
selection of more sustainable mixtures and to promote circular economy strategies in the
construction industry.

2. Results and Discussion

In this section, the indicator and index results for the study mixtures are presented
using grouped bar charts according to the groups described in the methodology and a color
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pattern based on the type of waste they contain. The colors are light blue (PET), dark blue
(PET and ash), light gray (ash), dark gray (RCA and ash), and green (glass). In each group,
the first bar corresponds to the control (concrete without additions), which corresponds to
the reference value used for normalization. In the case of functional parameters, reference
values (red lines) of the corresponding Mexican regulations have also been included. In
addition, a sensitivity analysis by different weights and aggregation methods is included.

2.1. Functional, Environmental and Economic Indicators

Figures 1 and 2 show the results of the functional indicators of the green concretes
of this study. Figure 1 shows that more than half of the mixes meet the specified 28-day
strength according to NMX-C-083-ONNCCE-2014; even mixes with ash substitutions and re-
cycled concrete aggregates (300/100RCAg, 300/10BA, 300/100RCAg/10BA, 300/10SCBA,
300/100RCAg/10SCBA, 180/100RCAg/10SCBA, 180/10SCBA) exceed the benchmark by
between 15% and 47%. However, it can also be noted that, in most mixtures with plastic
waste additions (PET, PETc, PP), the resistance decreases as the percentage of addition
increases. This decrease in resistance becomes even greater when 15% SCBA is added, as
in the case of 330/0.8PETc + 155CBA, in which the decrease was 26% with respect to its
control. Although there are several authors who have found that the use of SCBA as a
substitute for cement increases compressive strength, replacements greater than 20% exhibit
the opposite effect [43,44]. On the other hand, Coviello et al., Cardenas-Pulido et al., and
Khatab et al. [45-47] found that the loss of compressive strength of concretes containing PET
fibers is due to the surface texture of the plastic and the dimensions of the fiber, together
with the weakness of the internal structure of the concrete.
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Figure 1. Compressive strength at 28 days for green concrete [48-55].

In the case of the carbonation rate, it is sought to be as small as possible to avoid
durability problems, so that the NMX-C-515-ONNCCE-2016 [56] establishes that values
lower than 3 mm/y'/2 correspond to concretes with high resistance to carbonation, such is
the case of most mixtures with ash substitutions and/or recycled concrete aggregates, the
rest are considered with average strength (3 mm/y'/? < KCO, < 6 mm/y!/?), except for

the PR-0.8+CBC15 mixture which is considered poor concrete.
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Figure 2. Carbonation rate for green concrete [48-55].

Figures 3 and 4 show the environmental indicators gross energy requirement (GER)
and global warming potential (GWP) that were determined using the life cycle assessment
(LCA) methodology. Figure 3 shows that the lowest energy demand (~1500 MJ/m?)
corresponds to concretes with high proportions of replacement of natural aggregates by
recycled ones, both by concrete and glass waste, whereas the highest values (~3000 MJ/m?)
are those with the addition and/or substitution of waste whose conditioning operations
demand more energy, as in the case of SCBA, which caused 15-60% increases in GER in
the 300/10SCBA and 330/0.8PETc + 155CBA mixtures compared with their controls. In
addition, this effect is consistent with the GWP increases shown in Figure 4. Ravindra
et al. [35] reported energy consumed between 2000 MJ/ m?> and 3000 MJ/m? for green
concretes, with the lowest demands for concretes with slag, ternary, and with Limestone
Calcined Clay Cement (LC3). With respect to emissions, the mixtures studied by Liu et al.
and Coffetti et al. [20,29] generate between —479 kg CO, eq and 468 kg CO, eq, with
negative values for concretes made with carbon-sequestering aggregates.

The eco-costs of all the mixtures with residues evaluated are lower than those of their
respective controls, as can be seen in Figure 5. This decrease depends on the amount of
Portland cement, as well as the type of waste that is added to the mix and the final disposal
avoided by reusing it. That is why the lowest values correspond to concrete with a high
water/cementitious ratio (W/C), made with ash and/or recycled aggregates (RCA or glass)
as a replacement for PC and natural aggregates, as in the case of 180/100RCAg/10SCBA and
250/20Ga-10Gg, which reduce the eco-cost by 29% and 52% with respect to their reference.

The results of the natural raw material consumption (NRMC) indicator are shown
in Figure 6, in which most of the mixtures have a similar consumption of raw material
(22000 kg/m3). However, this consumption is reduced by up to 47% in mixtures with
partial replacement of PC by ash and total replacement of natural coarse aggregates by
RCA, such as in 180/100RCAg, 180/100RCAg/10BA and 180/100RCAg/10SCBA.
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Figure 3. Gross energy requirement for 1 m3 of green concrete.
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Figure 6. Natural raw material consumption for 1 m3 of green concrete.

Figure 7 shows that the most expensive green concretes are those in Group 4, which
were designed with a lower W/C ratio because a greater amount of cement is needed
(precisely the material with the highest cost). Commercial polypropylene (PP) fibers also
come with a high price tag, so the mixture (330/0.23PET + 0.77PP) is also one of the most ex-
pensive. On the other hand, the lowest costs correspond to mixtures in Groups 5 and 6 that,
in addition to having a low cement content, include the replacement of stone aggregates.

It can also be noted that, consistent with the literature, the cost is normally higher than
the eco-cost per m? of concrete in all cases [14,15].
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Figure 7. Cost for 1 m? of green concrete.

2.2. Sustainability Indices

This section shows the results of the sustainability indices determined according to
the functional, environmental, and economic indicators defined for this study.

On the one hand, the KSB and Kgg ¢ indices that refer to the sustainability potential of
building materials (BMSP), in this case green concretes, are presented in Figures 8 and 9.
According to these indices, the mixtures with the greatest sustainability potential are
300/100RCAg (3.52), 300/10BA (2.07), and 407/10SCBA (2.02), which are 2 to 3 times
more sustainable than their controls. In addition, they are superior to those reported by
Hrabova et al. and Liu et al., who reported values between 1.07 and 2.67 for concrete
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with ashes [14,20,57]. It can be noted that precisely the mixtures with the highest levels
of sustainability were those in which the functional parameters stood out above the rest,
together with the decrease in the consumption of natural raw materials due to the use of
waste with low treatment.

In all cases, we see that the Kgp index is higher than Kgg ¢, which includes mechanical
performance, durability, and eco-cost parameters. But when environmental impact and
cost are added instead of the latter, its value is reduced by up to 70% in some cases, while
maintaining the sustainability position.
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Figure 8. Building Material Sustainability Potential (Ksp c) for 1 m? of green concrete.
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Figure 9. Building Material Sustainability Potential (Kgp) for 1 m?3 of green concrete.

On the other hand, the results of the Empathic Added Sustainability Index (EASI) are
shown in Figure 10. The concretes with the highest sustainability index are the same as
those identified by the other indices, but with higher values, even higher than 3.36, which
was the highest value reported by Coppola et al. [37].

Finally, in Figures 11-13, Pearson correlations among these indices are shown. In all
cases, there is a good linear correlation (0.76-0.98). However, the EASI vs. Kgp ¢ correlation
(see Figure 12) has the highest coefficient of determination (r2 =~ 0.98), as expected, given
that both indices use the same type of indicators, except for cost.
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Figure 10. Empathetic Added Sustainability Index for 1 m? of green concrete.
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2.3. Uncertainty and Sensitivity Analysis

In this section, the results of the uncertainty and sensitivity analysis carried out on the
sustainability indices of the study mixtures are presented.

Table 1 shows a sensitivity analysis based on the maximum change in sustainability
position depending on the calculation method. Most of the mixtures, about 93%, have low
or very low sensitivity to the method used; whereas the 250/20Ga and 250/20Ga-10Gg
mixtures have moderate and high sensitivity, respectively. This suggests that, in general
terms, Kgp, Kgpc, and EASI produce a broadly consistent relative ordering, with the
300/100RCAg mixture being the clearest example of methodological stability and the
one with the best sustainability position. However, the variation of 19 positions in the
250/20Ga-10Gg mixture demonstrates that the perceived sustainability of some mixtures
may depend strongly on the indicators included and the aggregation structure of the
evaluation method.

Figures 14-16 show the simulated sustainability rankings considering a variation of
£20% of the input parameters simultaneously. In general, it can be noted that regardless of
the aggregation method, the least variability occurs in the extreme positions and that, in
addition, the mixtures 300/100RCAg, 300/10BA and 407 /10SCBA remain in the top 5, that
is, they remain robust mixtures, even with variation of the input data. However, blends
in intermediate positions have a lot of variability, indicating greater uncertainty in the
sustainability ranking. A special case is 250/20Ga-10Gg, which maintains highly favorable
positions under Kgp but shifts toward intermediate or less favorable positions when the
Ksp,c and EASI indices are applied. Thus, although its ranking is relatively robust to input
variability within Kgg, its sustainability classification is highly sensitive to the assessment
methodology, which is also consistent with the sensitivity analysis of the indices without
variation of input variables, as shown in Table 1. This result confirms that within-method
robustness does not necessarily imply methodological robustness.

Table 1. Ranking sensitivity to the aggregation method for green concretes.

Rank
Mixture Mean Rank  Mean Shift Maximum Shift Sensitivity
Ksp,c Ksg EASI
Control 1 14 15 15 15 1 1 Very low
330/0.4PET 24 26 24 25 1 2 Very low
330/0.8PET 23 24 23 23 1 1 Very low
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Table 1. Cont.

Rank

Sensitivity

Mean Rank  Mean Shift Maximum Shift
EASI

Ksg

Kss,c

Mixture

Low

12
27
15

12
25

14
27

11
28
14

330/1.2PET
330/0.23PET + 0.77PP

Low
Very low

15

15

Control 2
330/0.8PETa
330/0.8PETc

330/0.8PET + 15SCBA

Low

Low

10
27
25

12
25
23

Low

28
26
15

27
25

Low
Very low

330/0.8PETc + 155CBA

15

15

14

Control 3
407 /10SCBA

Very low

Very low

15 15 15

14

Control 4
300/100RCAg

Very low

Very low

300/10BA
300/100RCAg/10BA

Low
Very low

7
26
22

27
21

27

21

28

300/10SCBA
300/100RCAg/10SCBA

Very low

21

Very low

15 15 15

14

Control 5
180/100RCAg

Low
Very low

10
22

180/10BA
180/100RCAg/10BA

Low
Very low

13 10 11

10

180/10SCBA
180/100RCAg/10SCBA

Very low

9

Very low

15

15
11

15

14
12
13
21

Control 6

250/20Ga

250/10Gg
250/20Ga-10Gg

Moderate

Very low

12
12

13

14

11

High

19

13

Median

e Mean

— VAOSSI+1Ad8 0/0€€
— ddLL0+1AdET0/0EE
— V4DS0T/00€

— VADSSI+9d8 0/0€€E
— 1ddv0/0¢E

— 1Ad8"0/0£€

— VAISOL/3VIUO00T/00€
— 8901-e902/05T

— VA0L/08T

— € [o1u0)

— @ MOH—-HOU

— 9 MOH—-HOU

— L Jonuo)

— g 010D

— ¥ Jo13U0)
—8901/05T

— eD0Z/0ST

— 1AdTT/0€E

— VA0L/3VDU00L/08T
— VADS0L/3VD001/081
—>13d8'0/0£€

— VA0L/3VDUO00L/00€
— 3V DU00L/08L

— e A8 0/0€E

— VADS0T/081

— VADSO0T/L0%

— VA0L/00€

— 8VU00L/00€

Suer Ajjiqeureisng

Figure 14. Monte Carlo distribution of sustainability rank for green concretes, based on Kgg c.
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Figure 16. Monte Carlo distribution of sustainability rank for green concretes, based on EASI.

3. Materials and Methods

3.1. Materials

The object of this work is to compare, using different indices, the sustainability of

green concretes made with supplementary materials (SCM) and/or locally generated
The mixtures under study were grouped into the following:

waste, which were designed and manufactured in the Materials Laboratory “Ing. Luis Silva
Ruelas”, in Morelia, Mexico, during the last decade, to reduce the environmental impacts
and costs associated with their production without compromising their functionality.

Group 1: concretes made with natural aggregates and Portland cement (CP), with

additions of laboratory-made PET fibers and commercial polypropylene (PP) based

on the cement mass [48-50].
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e  Group 2: concretes made from natural aggregates, CP, laboratory-made PET fiber
additions, commercial PET flakes, and sugarcane bagasse ash (SCBA) based on ce-
ment mass [51].

e Group 3: concrete made with natural aggregates and CP partially replaced by
15% SCBA [52].

e  Group 4: low water/cementitious (W/C) concrete, made with natural aggregates and
CP, with total replacement of the coarse aggregate by recycled concrete aggregate
(RCA) and partial substitution with SCBA and brick processing ash (CH) [53,54].

e  Group 5: high W/C ratio concretes, made with natural aggregates and CP, total replace-
ment of coarse aggregate with RCA and partial substitutions of SCBA and CH [53,54].

e  Group 6: concretes made with natural aggregates and CP, with partial replacement of
the fine and coarse aggregates by glass waste [55].

The nomenclature, design, provision, and descriptions of the component materials of
the mixtures studied are shown in Table 2.

Table 2. Mixture design and material consumption for 1 m3 of green concrete [48-55].

Materials (kg)

. f'c W/C . .
Mixture (MPa) Ratio Cementing & Fibers Aggregates Water
PC PET PETg PP SCBA BA S1 S2 S3 G1 G2 G3
Control 1 32 0.51 402 293 293 983 260
330/0.4PET 32 0.51 402 1.6 293 293 983 260
330/0.8PET 32 0.51 402 3.2 293 293 983 260
330/1.2PET 32 0.51 402 4.8 293 293 983 260
330/0.23PET + 0.77PP 32 0.51 402 0.7 25 293 293 983 260
Control 2 402 513 1012 267
330/0.8PETa 32 0.51 402 3.2 513 1012 267
330/0.8PETc 32 0.51 402 3.2 513 1012 267
330/0.8PET + 15SCBA 32 0.51 402 3.2 60 513 1012 267
330/0.8PETc + 155CBA 32 0.51 402 3.2 60 513 1012 267
Control 3 40 0.42 488 679 800 253
407 /10SCBA 40 0.42 440 49 679 800 253
Control 4 29 0.45 552 730 985 298
300/100RCAg 29 0.45 552 815 858 320
300/10BA 29 0.45 524 28 730 985 290
300/100RCAg/10BA 29 0.45 524 28 730 985 290
300/10SCBA 29 0.45 498 56 730 985 298
300/100RCAg/10SCBA 29 0.45 498 56 815 858 320
Control 5 18 0.65 382 790 1060 294
180/100RCAg 18 0.65 363 815 858 320
180/10BA 18 0.65 345 19 790 1060 294
180/100RCAg/10BA 18 0.65 345 19 815 858 320
180/10SCBA 18 0.65 345 37 790 1060 294
180/100RCAg/10SCBA 18 0.65 345 37 790 1060 294
Control 6 25 0.62 331 800 898 266
250/20Ga 25 0.62 331 640 160 898 266
250/10Gg 25 0.62 331 800 808 90 266
250/20Ga-10Gg 25 0.62 331 640 160 808 90 266

PC: Portland cement CPC 30R RS, PET: PET macrofiber produced in the post-consumer bottle laboratory, PP: Com-
mercial PP fiber SLTK microfiber 600, PETc: Ground PET from local recycler, SCBA: Sugarcane bagasse ash from
the “Lazaro, Cardenas” sugar mill, BA: Ash from local brick kilns, S1: River sand from the bank “El Coro”,
52: Volcanic sand from “La Unién” quarry, S3: Ground glass, G1: Crushed gravel from the quarry “La Roka”,
G2: Recycled gravel from concrete demolition, G3: Crushed glass.

3.2. Sustainability Indexes

The green concretes were compared using the Building Material Sustainability Po-
tential (BMSP) and Empathetic Added Sustainability Index (EASI) indices because the
indicators comprising them can be calculated using information available for the selected
mixtures, and they are also parameters that are usually considered in regulations.

The comparison of the indices across the different mixtures seeks to determine whether
the sustainability ranking remains consistent.
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The first method, BMSP, was proposed by Mueller et al. [39], and it is made up of
3 variables: mechanical behavior (R), service life (L), and eco-cost (E), although in some
works the cost (C) is added [14,15,42]. In this study, the standardized versions as in the
work of Hrabova et al. [14] using Equations (1) and (2):
f'c28 KCO,
f/c28.¢ KCOy et

Eco—cost (1 )
Eco—cost,f

ksp =

fc28 1 / KCO,
k _ f,CZSmf KCO; e
SBC =" Gwp_ C (2)
GWPref Cref

where

f'c28 = compressive strength at 28 days (MPa).
KCO; = carbonation rate (mm / yl/ 2),

Eco-cost = eco-cost (USD).

C = cost (USD).

ref = reference.

The second method, the EASI index proposed by Coppola et al. [37], relates the
mechanical performance and durability of mixtures to 3 environmental parameters: natural
raw material consumption (NRMC), energy consumption (GER), and GWP. As in the
previous case, its normalized version was applied using Equation (3):

L fe28 1
/28,0 Klégoz
_ 2ref
EASI = GER GWP NRMC (3)

GER,; T GWP,; T NRMC,y

where

f'c28 = compressive strength at 28 days (MPa).
KCO, = carbonation rate (mm/ yearl/ 2).

GER = gross energy requirement.

GWP = global warming potential (kg CO; eq.).
NRMC = natural raw material consumption (kg).
ref = reference.

All indicators should be normalized with reference values that usually correspond to
the control. Then, the value of the index (KSB, KSB,C and EASI) will be dimensionless, and
the higher its value, the higher the level of sustainability of the concrete [15,18,29,37,38,42].

The following sections describe how the indicators and reference values used in this
research were obtained.

3.2.1. Functional Indicators

Compressive strength was selected as the mechanical performance parameter, since it
is the type of mechanical stress at which concrete mainly works and it is also the one that
is regulated in Mexico. Although the durability of concrete depends on many factors, the
carbonation rate was selected as the indicator for calculating the sustainability indices
because the exposure environment at the study site corresponds to the rural/urban (C3)
category. According to the classification of the Mexican durability regulations, they are
concrete with moderate relative humidity of between 50% and 80% and CO, and SO,
contamination; therefore, corrosion is induced by carbonation [58,59].

The 28-day compressive strength and carbonation rate, determined in accordance
with the Mexican standards NMX-C-083-ONNCCE-2014 [60] and NMX-C-515-ONNCCE-
2016 [56], were used as indicators of mechanical performance and service life, respectively.
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The compressive strength was determined in cylindrical specimens of 10 cm in diameter
and 20 cm in height, while the carbonation rate was determined in 10 cm diameter slices
of 5 cm in height. Each trial was performed in triplicate, so the values reported in this
study correspond to the average value of each mixture [48-55]. Then, the parameters were
normalized with respect to the control of each group of mixtures.

3.2.2. Environmental Indicators

The GER and GWP environmental indicators were calculated using a cradle-to-gate
life cycle assessment (LCA) for the production of one m® of concrete, as suggested by several
researchers [15,18,38,39], using the Ecoinvent 3.0 database and the Sima Pro-8.2.3 software.
The sub-processes contemplated are the production of materials, conditioning of waste
to be used in the production of concrete, transport of materials and waste to the concrete
production site; the production of concrete in laboratory conditions (mixed) and the final
disposal avoided due to the use of waste in a new production chain. Waste materials were
considered burden-free with respect to their previous life cycle, whereas the environmental
burdens associated with the conditioning processes required for their incorporation into
concrete, including the operations of size reduction (shredding, crushing and/or grinding),
drying and sorting, were included. Thus, the modeling framework combined a cut-off logic
at waste generation with an avoided-disposal credit. Figure 17 presents a schematic of
the limits of the proposed product system for the LCA of the green concretes under study.
All sub-processes are associated with the consumption of materials and energy, as well as
transport. Material consumption is compiled in Table 2, while transportation and energy
were calculated from the information reported for the life cycle inventory.

In an LCA, transport corresponds to the amount of material that is transported a
certain distance by a certain type of vehicle and is measured in ton-kilometers (tkm) [28].
In this study, transportation includes the transfer of each of the materials and/or waste to
the concrete production site, while the energy corresponds to that used in the conditioning
of waste and the production of concrete under laboratory conditions.

Table 3 shows the Ecoinvent 3.0 models that were used to compile the LCI of most of
the sub-processes to produce 1 m? of concrete, in addition to those created by the author
of this work for the cases in which there was no compatible model. The latter correspond
to processes for locally generated waste, for which models were created from the energy
consumption of the conditioning operations to be used in concrete, such as selection, drying,
crushing, and screening.
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|
|
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|
|
|
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Figure 17. System boundary of LCA for 1 m3 of green concrete.
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Once the models were defined, the GER and GWP impact categories were calculated
using the IPPC GWP 100a and Cumulative Energy Demand methods contained in Sima Pro-
8.2.3, which correspond to the indicators required to determine the sustainability indices.

However, the NRMC environmental indicator is not calculated from an LCA, but
as the sum of all non-renewable natural resources used to make concrete, such as water
and aggregates [37].

Finally, eco-cost refers to the amount that could be spent to reduce environmental
impact to a sustainable level [14]. In this study, it is calculated from the Design 4 sustain-
ability database used in the design of products and/or processes with lower environmental
impact. The models and their unit values are shown in Table 4, which were applied to the
life cycle sub-processes to produce 1 m? of green concrete.

Table 3. Ecoinvent 3.0 models for green concrete LCL

Process Model Unit  Geographic Location
Materials
cp Cement, alternative constituents 6-20% {RoW} | market for | Alloc Def, U kg RoW
PET _PET_fiber kg MX
PETc Polyethylene terephthalate (PET), granulate, production mix, at plan, ke
amorphous RER
PP_fiber Polypropylene fibers (PP), crude oil based, production mix, at plant kg
SCBA-1* _Sugarcane bagasse ash (SCBA-1) conditioned for cementitious material kg MX
SCBA-2 * _Sugarcane bagasse ash (SCBA-1) conditioned for cementitious material kg MX
SCBA-3 * _Sugarcane bagasse ash (SCBA-1) conditioned for cementitious material kg MX
BA* _Brick kiln ash (CH) conditioned for cementitious material kg MX
Water Tap water {RoW} | market for | Alloc Def, U kg RoW
S1 Sand {GLO} | market for | Alloc Def, U kg GLO
S2 Sand {GLO} | market for | Alloc Def, U kg GLO
53 * _Ground glass conditioned for use as fine aggregate kg MX
G1 Gravel, crushed {GLO} | market for | Alloc Def, U kg GLO
G2 * _recycled gravel, in-plant production in Mexico kg MX
G3* _Crushed glass conditioned for use as coarse aggregate kg MX
Transport
Light-duty Transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Alloc Def, U tkm RoW
Medium-duty Transport, freight, lorry 7.5-16 metric ton, EURO3 | Alloc Def, U tkm RoW
Heavy-duty Transport, freight, lorry 16-32 metric ton, EUROS5 | Alloc Def, U tkm RoW
Production
Electricity Electricity, medium voltage {MX} | market for | Alloc Def, U kWh MX
Final disposal
Concrete waste Waste reinforced concrete {CH}IA’cllif)itgsfr,l’c[j?f, collection for final disposal | ke CH
Ash Average incineration relzi;l:lclllfeizu{ITOX\lll}ol Ctligign[(;.nt of, residual material kg RoW
Plastics Inert waste {RoW} | treatment of, sanitary landfill | Alloc Def, U kg RoW
Glass Landfill of glass/inert waste kg EU-27

* Models created by the author of this research work. The abbreviations for geographic location are RoW (Rest of
the World), GLO (Global), CH (Switzerland), EU-27 (European Union), and MX (Mexico).
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Table 4. Models used to determine the eco-cost of 1 m® of green concrete.
Model Eco-Cost (€)
Portland cement (kg) 0.1090
Sand (kg) 0.0070
Gravel (kg) 0.0070
Recycled gravel (kg) 0.0020
PET, recycled (estimate) (kg) 0.2120
PP, recycled (estimate) (kg) 0.2400
Transport, lorry 16-32 t, EURO5/RER S (tkm) 0.0310
Transport, lorry 7.5-16 t, EURO3/RER S (tkm) 0.0480
Transport, lorry 3.5-7.5 t, EURO5/RER S (tkm) 0.0890
Electricity general (kWh) 0.0070
Heavy fuel oil (excluding combustion) (L) 1.1220
Concrete, 5% water, to inert material landfill/CH S (kg) 0.0020
Plastics, mixture, 15.3% water, to sanitary landfill/CH S (kg) 0.0320
Average incineration residue, 0% water, to residual material landfill/CH S (kg) 0.5660
Landfill (kg) 0.1180

3.2.3. Economic Indicators

The economic indicator used in this research was cost, calculated as the sum of the
cost of all materials and/or waste, based on the prices of local suppliers, as suggested in
several works [6,15,20,61].

3.3. Uncertainty and Sensitivity Analysis

A two-stage sensitivity analysis was conducted to evaluate the reliability of the sus-
tainability ranking of the 28 concrete mixtures. Composite indicators may be influenced by
methodological choices and uncertainty in the input data; therefore, sensitivity and uncer-
tainty analyses are recommended to assess the robustness of the resulting rankings [62].

First, methodological sensitivity was evaluated by comparing the rankings obtained
using the Kgsp, Kspc, and EASI sustainability assessment methods. For each method,
the mixtures were ranked in descending order of their sustainability index, with rank 1
assigned to the best-performing mixture. Ranking shifts between methods were quantified
as the difference between the ranking of each alternative, while absolute ranking changes
were used to assess the magnitude of positional variation. Mean and maximum absolute
ranking shifts were calculated for each mixture to identify alternatives whose relative
position was particularly sensitive to the selected assessment method. Such rank-based
comparisons are relevant because changes in aggregation approaches and methodological
assumptions may alter the relative ordering of alternatives [63].

Sensitivity was classified into four categories based on the absolute value of the
maximum change, as follows:

Very low <2.
Low: 3-5.
Moderate: 6-10.
High >10.

Second, a Monte Carlo analysis was performed to assess ranking robustness under

simultaneous variability in the input parameters. The normalized compressive strength,
carbonation rate, cost, and GWP values were independently perturbed within £20% of
their deterministic values using uniformly distributed random factors, F ~ 1(0.80,1.20). A
total of 1000 simulations were conducted, and the sustainability index and corresponding
ranking of all mixtures were recalculated in each iteration. The resulting ranking dis-
tributions were summarized using the mean, median, best and worst ranks, as well as
interquartile ranges.
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4. Conclusions

Overall, this study confirms that the use of regionally available waste materials as
partial replacements for cementitious materials and/or virgin aggregates can improve the
sustainability performance of concrete. Mixtures containing recycled concrete aggregates
and ash from local industries showed the best balance between mechanical performance,
carbonation resistance, environmental impact, ecological cost, natural resource consump-
tion, and material cost. However, the benefits of incorporating waste were not universal, as
mixtures containing plastic waste or highly energy-demanding by-products and wastes
may exhibit reduced compressive strength, durability, or environmental performance. The
sustainability indices consistently identified 300/100RCAg, 300/10BA, and 407/10SCBA
as the most favorable mixtures. Sensitivity and uncertainty analyses further showed that
these mixtures generally maintained favorable positions in the classification regardless
of the evaluation method, even when the input parameters varied by £20%, although
some alternatives showed substantial changes in classification depending on the method.
These findings highlight the potential of waste-based concrete to support recycling and
circular economy strategies in the construction sector, while emphasizing the importance
of integrated sustainability assessment and robustness analysis.
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Abbreviations

The following abbreviations are used in this manuscript:

BA Ash from local brick kilns

BMSP  Building Material Sustainability Potential
EASI Empathetic Added Sustainability Index
SCM Supplementary cementitious materials
SCBA  Sugarcane bagasse ash

GGBFS  Ground granulated blast furnace slag
AAS Alkaline activated slag

C&DW  Construction and demolition waste

PET Polyethylene terephthalate

S-LCA  Social life cycle assessment
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GWP Global warming potential

GER Gross energy requirement

NRMC Natural raw material consumption
RCA Recycled concrete aggregate

W/C Water/cement

f'c28 Compressive strength at 28 days
KCO, Carbonation rate
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